Introduction

83
Gibberellins (GAs) are diterpenoid hormones with a variety of roles in vascular 84 plant growth and development (Sun, 2011) . GA biosynthesis begins with sequential 85 cyclization of the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate 86 (GGPP), first to ent-copalyl diphosphate (ent-CPP) and then to ent-kaurene, catalyzed 87 by CPP synthases (CPSs) and ent-kaurene synthases (KSs), respectively. This is 88 followed by oxidative reactions catalyzed by cytochrome P450 mono-oxygenases and 89 2-oxoglutarate dependent dioxygenases that lead to the production of bioactive GAs 90 (Yamaguchi, 2008; Hedden and Thomas, 2012) . A key step is the ring contraction that 91 transforms the 6-6-6-5 ring structure of ent-kaurene to the 6-5-6-5 arrangement that 92 characterizes the GAs (Peters, 2013) .
93
Notably, the GAs are the ancestral members of the labdane-related diterpenoids, a 94 super-family of over 7,000 natural products united by the common occurrence of a catalyzed by class II diterpene cyclases such as CPSs (Peters, 2010) . While such 97 natural products can be found in many types of organisms, they are particularly 98 prevalent in plants, where the CPS and KS required for GA biosynthesis serve as a 99 biosynthetic reservoir (Zi et al., 2014) . Indeed, this is true for not only this 100 super-family, but also the entire class of terpenoid natural products more generally, as plant KSs (Chen et al., 2011) . Notably, the TPSs involved in more specialized 106 labdane-related diterpenoid biosynthesis seem to be those most closely related to KSs, be derived from the carbon-carbon double bond (C=C) isomer ent-(iso) kaur-15-ene, 118 rather than the ent-kaur-16-ene relevant to GA metabolism. In particular, while the 
123
Two closely related KSs relevant to stevioside biosynthesis have been identified 124 (Richman et al., 1999) , and extensive investigation of the rice KS(L) gene family also 125 has been reported Tezuka et al., 2015) . This includes 126 identification of OsKS1, required for GA production (Sakamoto et al., 2004; 127 Margis- Pinheiro et al., 2005) , as well as a separate ent-isokaurene synthase, OsKSL6
128 (Kanno et al., 2006; Xu et al., 2007) . Interestingly, no KS specific to more specialized 129 metabolism has yet been identified. Potentially, this is because KS seems to be 7 ent-kaurene levels >1,000-fold, with only a minimal (<2-fold) additional increase 133 observed from over-expression of AtKS as well (Fleet et al., 2003) .
134
There has been extensive investigation of GAs in maize, including early isolation 135 of various GA-deficient mutants (Phinney, 1956) . Among these are anther ear-1 (an1)
136
and dwarf-5 (d5), whose growth deficiencies can be rescued by application of 137 ent-kaurene (Katsumi et al., 1964) . An1 was later found to encode the ent-CPP 138 producing ZmCPS1 (Bensen et al., 1995) 
189
In order for the KS activity exhibited by these enzymes to be relevant they should 190 be targeted to plastids, where diterpenoid biosynthesis is initiated (Zi et al., 2014 has been reported to not induce kauralexin accumulation (Schmelz et al., 2011) . , where only OsCPS1 is involved in GA metabolism 318 (Sakamoto et al., 2004) .
319
In addition to being a precursor to GAs, ent-kaurene is an intermediate in the ZmKSL5 with that for An2/ZmCPS2, which has a known role in such biosynthesis 325 (Figure 6 ). Although it has been suggested that kauralexins are derived only from 326 ent-isokaurene , from these results it seems likely that 327 kauralexins A1-3 are derived from ent-kaurene instead, with loss of the exocyclic 328 C=C during transformation of C17 to the characteristic carboxylic acid (Figure 7) , 329 offering some insight into maize phytoalexin biosynthesis.
330
Nevertheless, maize must contain an ent-isokaurene synthase for at least production 331 of kauralexins B1-3. Rice has already been shown to encode such an enzyme,
332
OsKSL5 and/or OsKSL6 (Kanno et al., 2006; Xu et al., 2007) , which fall into the 333 early diverging KSL clade of the TPS-e sub-family in cereals that is associated with 334 more specialized diterpenoid metabolism (Figure 2) . This clade also contains several
335
KSLs from maize, and it seems likely that one of these (ZmKSL1, ZmKSL2 and/or 336 ZmKSL4) serves as the ent-isokaurene synthase required for kauralexin biosynthesis, 337 although further investigations are required to verify this.
338
In any case, from the results reported here, it is possible to speculate about the 339 origins of this maize array of KSs. This seems to arise from two tandem gene 340 duplication events (Figure S8) . The original KS, with a role in GA biosynthesis, recently suggested role for kauralexins in drought tolerance (Vaughan et al., 2014) .
354
Nevertheless, the somewhat different expression patterns observed for ZmTPS1 and
355
ZmKSL5 suggests that these may play varied roles in maize diterpenoid metabolism.
356
Regardless of the exact roles of ZmTPS1 and ZmKSL5, the results reported here 
Materials and methods
367
Plant and fungal materials 368
Maize cultivars Mo17 and B73 were grown on sterile water-agar medium for 10 369 days, and these seedlings used for fungal infection and RNA extraction. F.
370
graminearum was grown on potato dextrose agar (PDA) medium at 28 °C for 3 days, N 2 gas, and the residues were dissolved in hexanes for GC-MS analysis as above.
424
Subcellular localization was analyzed using a Nikon A1R/A1 confocal laser scanning 425 microscope, with leaves collected 4 days after infiltration, as previously described 426 (Vaughan et al., 2013) .
428
Gene expression analysis 429 10 day-old Mo17 and B73 seedlings were separated into root and shoot tissues, 430 which were used for constitutive gene expression analysis. Mo17 seedlings also were 431 used for pathogen inoculation and phytohormone treatment. Before all treatments, the 432 seedlings were wounded, using a scalpel to scratch three 2-3 cm incision on the leaves. carried out on a Bio-Rad CFX96 using the SsoFast Eva Green Supermix (Bio-Rad).
446
Ef1α was used as endogenous control. Semi-quatitative RT-PCR for ZmTPS1,
447
ZmKSL5, An2 and Ef1α was carried out using the same primers used for qPCR (Table   448   S3 ). All amplicons were sequenced to verify primer specificity. 
456
To verify that the observed dwarfish was due to GA deficiency, 40 mg/L GA 3 was 457 applied to a 10 day-old d5 seedling, and phenotype was observed daily for two weeks.
458
The genomic sequence of ZmKSL3 was amplified from d5, as well as B73 and the 459 parental line A188, and sequenced. 
